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© Arsenic passivation for epitaxial deposition of ternary chalcogenide semiconductor films onto 
silicon substrates. 



© A multilayer stack (10) for fabrication of ll-VI 
devices thereon comprises a silicon substrate (12), a 
monolayer (14) of a Group V element selected from 
the group consisting of arsenic, phosphorus, and 
antimony, formed on a surface of said silicon sub- 
strate (12), and a ll-VI epilayer (16) formed over said 
Group V monolayer (14) (Fig. 1). A method for 
forming such multilayer stack (10) is also disclosed. 
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BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to the deposition 
of ll-VI semiconductor films, and, more particularly, 
to the deposition of ternary chalcogenide semicon- 
ductor films, such as HgCdTe and HgZnTe, onto 
silicon substrates. 

2. Description of Related Art 

Ternary ll-VI semiconductor films find use in 
many infra-red applications, such as in IR focal 
plane arrays (FPAs). Examples of such ternary ll-VI 
semiconductor compounds include HgCdTe and 
HgZnTe, which are also known as chalcogenides. 

In the past, ternary ll-VI semiconductors were 
formed on ternary ll-VI substrates, such as 
CdZnTe, which were then bonded to silicon sub- 
strates by indium bump technology. However, the 
thermal cycling to 77K, which is the temperature 
used for detection, has tended to create reliability 
problems. It is desired to use silicon-based sub- 
strates rather than bulk CdZnTe substrates for 
large area focal plane arrays, since the read-out 
circuit chips are also silicon, and thus expansion 
and contraction with thermal cycling would be at 
the same rate. 

A variety of approaches have been tried to 
form ll-VI films on silicon. Prior methods of deposit- 
ing ll-VI films on Si substrates fall into two cate- 
gories: (1) those employing an intervening buffer 
layer, usually GaAs or a Group II fluoride such as 
CaF 2 or BaF 2 , between the Si substrate and the ll- 
VI layer; and (2) those that deposit the ll-VI film 
directly on the Si substrate with no intentional 
placement of any intervening layers. However, for 
the most part, various buffer layers have been 
used, due to the disparity of lattice parameters 
between silicon and the ll-VI semiconductor film, 
which often is of the order of 15% to 20%. 

Group II fluoride buffer layers on silicon have 
been used, with the ll-VI film formed on the buffer 
layer; see, e.g., A.N. Tiwari, et al., "Heteroepitaxy 
of CdTe(100) on Si(lOO) Using BaF 2 -CaF 2 (100) 
Buffer Layers", Journal of Crystal Growth, Vol. 
111, pp. 730-735 (1991). However, this approach is 
presently substantially inferior in crystalline quality 
to ll-VI films deposited either on GaAs/Si or silicon. 

Faurie and coworkers have deposited CdTe 
directly on silicon; see, e.g., R. Sporken, et al., 
"Current Status of Direct Growth of CdTe and 
HgCdTe on Silicon by Molecular Beam Epitaxy", 
Journal of Vacuum Science and Technology, B 
10 pp. 1405-1409 (1992). However, the {111} ori- 
entation employed in their work has often resulted 
in extensive domain and lamellar twin formation 



that renders the material unreliable for use as alter- 
native substrates in liquid phase epitaxy (LPE), 
molecular beam epitaxy (MBE), or metal organic 
chemical vapor deposition (MOCVD). 

5 A discussion of the growth of CdZnTe layers 

on a GaAs buffer formed on a silicon substrate for 
large-area HgCdTe infra-red (IR) focal plane arrays 
(FPAs) is given by S.M. Johnson et al, "MOCVD 
Grown CdZnTe/GaAs/Si Substrates for Large-Area 

w HgCdTe IRFPAs", 1992 HgCdTe Workshop, Bos- 
ton, MA, (Oct, 13-15, 1992). The drawback with 
using a substrate containing GaAs is that both Ga 
and As are electrically active dopants in HgCdTe 
and other ll-VI materials. This creates a significant 

75 problem concerning the threat of contaminating an 
LPE HgCdTe melt with both Ga and As should a 
wafer fracture or uncontrolled etchback of the 
CdZnTe buffer layer occur. The melt would rapidly 
dissolve the exposed Ga and As, thus contaminat- 

20 ing the melt. The threat of such a catastrophic 
event is a significant drawback to ll-VI growth on 
GaAs-on-Si. 

Further, silicon substrates with a buffer layer of 
GaAs are generally obtained from an outside ven- 

25 dor and cost approximately $2,000 (1993 dollars) 
for a 4-inch diameter wafer versus a cost of $20 for 
a comparable uncoated silicon wafer. Purchase of 
GaAs-on-Si substrates also requires reliance on the 
quality control protocols of two separate manufac- 

30 turers - the silicon substrate supplier and GaAs 
epitaxial foundry. 

Thus, a need remains for the formation of good 
quality ternary ll-VI semiconductor films on a sili- 
con substrate without the added complications im- 

35 posed by the presence of an extraneous lll-V inter- 
layer. 

SUMMARY OF THE INVENTION 

40 In accordance with the invention, ternary ll-VI 

semiconductor films are formed on a silicon sub- 
strate by depositing a monolayer of arsenic on a 
cleaned surface of the substrate. The ternary ll-VI 
semiconductor film is then formed over the arsenic 

45 monolayer, either directly or on top of an inter- 
mediate ll-VI semiconductor buffer layer. 

The novelty of the present invention comprises 
the use of an arsenic passivating layer to facilitate 
the epitaxial deposition of technologically important 

so ll-VI semiconductors such as ZnTe, CdTe, and 
HgCdTe on silicon substrates of arbitrary crystal- 
lographic orientation. Prior attempts to deposit such 
films have relied on GaAs-on-Si composite sub- 
strates, which are expensive, difficult to prepare for 

55 epitaxy, and present potential lll-V doping con- 
taminants to HgCdTe epitaxy systems. Preparation 
of Si substrates with a simple monolayer of arsenic 
atoms enables subsequent high quality molecular 



2 



EP 0 619 615 A2 



beam epitaxy or metal-organic chemical vapor de- 
position growth of highly lattice-mismatched ll-VI 
epitaxial films such as ZnTe, CdTe, HgZnTe, and 
HgCdTe without the complication of additional thick 
interlayers. 5 

The present invention enables the deposition of 
good quality ll-VI epitaxial films on silicon sub- 
strates without the complications of previously 
demonstrated methods employing less desirable 
intervening layers between the silicon substrate w 
and the ll-VI epitaxial film. 

By purchasing the silicon substrates, rather 
than the very expensive GaAs-on-Si substrates, 
and doing a simple deposition of arsenic in-house, 
the need for any internal screening procedures 15 
designed to monitor the quality of the GaAs epitaxy 
can be obviated. Elimination of the GaAs layer is 
also an advantage because of the difficulty of prop- 
erly removing the GaAs native oxide and preparing 
a stoichiometric GaAs semiconductor surface prior 20 
to molecular beam epitaxy (MBE) deposition of the 
ll-VI film. The cleaning and surface preparation of 
uncoated silicon substrates has been found to be 
more straightforward and reproducible than is the 
case with GaAs/Si substrates. Finally, elimination of 25 
the^GaAs layer simplifies the procedures for the 
alternative liquid phase epitaxial (LPE) growth and 
subsequent processing of HgCdTe on Si-based 
substrates, because of the elimination of any po- 
tential for Ga or As contamination. 30 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional view of a silicon 
substrate, having formed thereon an arsenic 35 
monolayer prior to the deposition of a ll-IV semi- 
conductor epilayer, in accordance with the in- 
vention; and 

FIG. 2 is a cross-sectional view similar to that of 
FIG. 1, but showing a ll-VI buffer layer inter- ao 
posed between the arsenic monolayer and the 
ll-IV semiconductor epilayer, in accordance with 
the invention. 

DESCRIPTION OF THE PREFERRED EMBQDI- 45 
MENTS 

It has been repeatedly demonstrated in Ap- 
plicant's laboratory that epitaxial films of ZnTe and 
CdTe of {100} orientation directly grown on Si(100) 50 
with arsenic passivation are as good as or superior 
to those deposited either on GaAs-on-Si or directly 
on Si (100) with no passivation, in terms of cry- 
stalline perfection and surface morphology. ll-VI 
films grown directly on Si(1 00) without passivation 55 
are frequently polycrystalline or exhibit poor 
crystallinity (R. Sporken, et al., supra), and hence 
are unacceptable as buffer layers for subsequent 



HgCdTe growth. CdTe films deposited on GaAs- 
on-Si exhibit crystalline perfection comparable to 
that of CdTe films deposited on As-passivated Si, 
but quite often the morphological quality, either 
from MOCVD (S.M. Johnson, et al., "Structural and 
Electrical Properties of Heteroepitaxial 
HgCdTe/CdZnTe/GaAs/Si", Materials Research 
Society Symposium Proceedings, Vol. 161, pp. 
351-356 (1990) or MBE, is much worse than that 
which is routinely achieved with growth on As- 
passivated silicon. Given the approximate parity of 
the crystalline quality of ll-VI films grown on GaAs- 
on-Si and on As-passivated Si, the reduction in 
substrate cost, the availability of larger substrates, 
and elimination of the threat of Ga and As contami- 
nation of ll-VI epitaxy systems remain as the pri- 
mary advantages of the technique of ll-VI deposi- 
tion on As-passivated Si. 

It is noted that arsenic monolayers, formed on 
silicon substrates, have been used for the growth 
of ZnSe interlayers, on which GaAs layers are 
grown; see, e.g., R.D. Bringans et al, "Initial Stages 
of Growth of ZnSe on Si", Materials Research 
Society Symposium Proceedings, Vol. 242, pp. 
191-202 (1992) and R.D. Bringans et al, "Effect of 
Interface Chemistry on the Growth of ZnSe on the 
Si(l00) Surface", Physical Review B, Vol. 45, No. 
23, pp. 13,400-13,406 (15 June 1992). However, 
there is no suggestion that ternary ll-VI films may 
be grown either on ZnSe or directly on the arsenic 
layer. 

FIG. 1 shows a schematic cross-section 10 of a 
multi-layer stack of ll-VI epitaxial films designed to 
function as a conventional infrared photovoltaic de- 
tector. The crucial first step in the process is the 
deposition on a silicon substrate 12 of a single 
monolayer 14 of arsenic, such as by MBE or 
MOCVD or perhaps through appropriate ex situ 
wet chemical treatment, prior to the initiation of ll- 
VI epitaxy. The arsenic deposition procedure must 
be designed to deposit only a single monolayer of 
arsenic on an atomically clean Si surface; deposi- 
tion of quantities of arsenic in excess of this is 
unacceptable and will disrupt the subsequent epi- 
taxial processes. The epitaxial growth sequence 
must furthermore be designed to allow a single, 
uncontaminated monolayer of arsenic to remain on 
the silicon surface during the time period between 
the completion of the actual arsenic deposition and 
the commencement of ll-VI layer deposition. 

The arsenic monolayer 14 may be deposited 
by any of the conventional deposition processes 
known in the art, such as MBE, MOCVD, metal 
organic MBE (MOMBE), and gas source MBE 
(GSMBE), using elemental As or other As-contain- 
ing precursors such as arsine or f-butyl arsine. 
Alternatively, a wet chemical process, executed 
immediately prior to loading the Si substrates into 
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a ll-Vi epitaxial reactor, could be utilized to termi- 
nate the Si surface with As through chemical reac- 
tions in a liquid environment. Further, while the 
invention is described in terms of the deposition of 
an arsenic layer, the monolayer 14 may alternative- 
ly comprise other elements from Group V of the 
Periodic Table, specifically, phosphorus or anti- 
mony. 

After the monolayer passivation of the silicon 
surface, the growth of ll-VI epilayer, such as by 
MBE or MOCVD, can be initiated with one or more 
ll-VI epilayers 16, as shown in FIG. 1. The se- 
quence of ll-VI epilayers 16 is typically grown to a 
total thickness ranging from about 10 to 15 um for 
conventional IR detector structures. Devices are 
then formed in the top surface of the epilayer 16. 

The ll-VI epilayer 16 comprises any of the 
binary, ternary and quaternary ll-VI semiconductor 
compounds, and preferably comprises binaries 
such as ZnTe, CdTe, CdSe, CdS, and ZnS, ter- 
naries such as HgCdTe, HgZnTe, HgCdSe, 
HgZnSe, HgCdS, and HgZnS, and quaternaries 
such as ZnCdSeTe, ZnCdSSe, ZnCdSTe, 
HgCdZnTe, HgCdSeTe, and HgZnSeTe. 

Alternatively, any sequence of ll-VI buffer lay- 
ers 18 (e.g., ZnTe/CdZnTe) may be deposited on 
the passivating monolayer 14, followed by growth 
of the ll-VI epilayer 16 thereon, as shown in FIG. 2. 
The completed multilayer stack is denoted 10" in 
FIG. 2. The ll-VI buffer layer 18 is grown to a 
thickness ranging from about 8 to 10 um. 

After completion of the deposition of the N-VI 
buffer layer 18, the final device structure comprises 
one or more ll-VI epilayer layers 16, which can be 
grown by either LPE, MBE, or MOCVD. 

The ll-VI buffer layer 18, if employed, may 
comprise any of sulfur-, selenium-, or tellurium- 
containing binary ll-VI compounds such as BeS, 
MgS, ZnS, CdS, HgS, MnS, BeTe, MgTe, ZnTe, 
CdTe, HgTe, CdSe, and ZnSe, and any of the 
ternary ll-VI compounds, such as ZnSSe, ZnSTe, 
ZnSeTe, CdSSe, CdSTe, CdZnSe, CdZnTe, 
HgCdTe, HgZnTe, HgCdSe, and HgZnSe. Further, 
any combination of the foregoing binary and ter- 
nary compounds may be used in a multilayer stack 
to form the buffer layer 18. 

Due to lattice mismatch considerations, pre- 
ferred binaries include ZnTe, CdTe, CdSe, and 
CdS, while preferred ternaries include CdZnTe, 
CdSeTe, CdZnSe, and ZnTeSe. 

Most preferably, the buffer layer 18 comprises 
a ll-VI material having as low a microhardness as 
possible (relative to the final ternary ll-VI device 
structure), since this would ensure that dislocations 
generated either during growth due to the lattice 
mismatch or those introduced during post-growth 
thermal annealing (LPE growth of HgCdTe typically 
takes the wafer to about 500 *C) would have the 



highest probability of confinement in the buffer 
layer. Inasmuch as the microhardness of ZnSe 
(1,350 N/mm 2 ) end of ZnS (1,780 N/mm 2 ) is sub- 
stantially higher than that of ZnTe (900 N/mm 2 ), of 

5 CdTe (600 N/mm 2 ), and of HgTe (300 N/mm 2 ), then 
the latter compounds are preferred over the former 
compounds. 

The As passivation 14 is crucial to facilitating 
the high quality deposition of the ll-VI epilayer 16 

70 or, if employed, the ll-VI buffer layer 18, whose 
chemical identity could be quite broad. The tech- 
nique of As passivation may furthermore be ex- 
tended to Si substrate orientations other than 
{100}, such as {111} and {211}, which are also of 

75 technological importance. 

There is a considerable lattice mismatch be- 
tween the silicon substrate 12 and the ll-VI layer 
(whether buffer layer 18 or epilayer 16). Without 
subscribing to any pellicular theory, it appears that 

20 arsenic serves two functions. First, it acts as a 
barrier to prevent spurious chemical reactions be- 
tween Group VI species, such as Te, and the Si 
substrate that could potentially disrupt the epitaxial 
process. Second, a plane of Group VI atoms has 

25 the correct chemical valence for full chemical co- 
ordination between a plane of Group IV atoms and 
a plane of Group II atoms from a ll-VI compound, 
which serves to ensure the chemical stability of the 
interface. There are certainly lattice defects such 

30 as threading dislocations generated at the Si/As/I I- 
VI interface, but the ll-VI epilayer 16 and the ll-VI 
buffer layer 18 are designed to be thick enough to 
allow threading dislocations to be annihilated be- 
fore the functioning device region (not shown). 

35 The present invention has been reduced to 

practice using a composite buffer layer consisting 
of CdZnTe and ZnTe grown on As-passivated Si- 
(100). Specifically, a buffer layer 18 consisting of 1 
um of ZnTe followed by 9 um of CdZnTe was 

40 deposited by MBE on a silicon substrate 12 pas- 
sivated with an arsenic monolayer 14. As is well- 
known, the thin ZnTe layer acts to ensure (100)- 
oriented growth of the CdZnTe layer. Subsequent- 
ly, a HgCdTe epilayer 16 was deposited by LPE on 

45 this CdZnTe/ZnTe/As/Si structure. Using X-ray dif- 
fraction rocking curve analysis, a rocking curve of 
the HgCdTe was obtained having a value of full- 
width at half-maximum (FWHM) of less than 60 arc 
seconds, which compares favorably with 70 to 110 

so arc seconds generally obtained for HgCdTe depos- 
ited on CdZnTe/ZnTe/GaAs/Si substrates. In addi- 
tion, the surface morphology of such buffer layers 
on As-passivated silicon was superior to that which 
is generally obtained on GaAs-on-Si. Preliminary 

55 etch pit density measurements indicated compara- 
ble threading dislocation densities of 2 to 3x1 0 5 
cm" 2 in CdZnTe buffer layers grown on both As- 
passivated Si and GaAs-on-Si. 
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3. The multilayer stack of claim 2, characterized 
in that said ll-VI buffer layer (18) comprises at 
least one layer of a ll-VI material selected from 
the group consisting of (a) binary ll-VI com- 

5 pounds containing sulfur, selenium, or tellu- 

rium, and (b) ternary ll-VI compounds. 

4. The multilayer stack of claim 3, characterized 
in that said binary ll-VI compounds are se- 

70 lected from the group consisting of BeS, MgS, 

ZnS, CdS, HgS, MnS, BeTe, MgTe, ZnTe, 
CdTe, HgTe, CdSe, and ZnSe. 

5. The multilayer stack of claim 3 or claim 4, 
15 characterized in that said ternary ll-VI com- 
pounds are selected from the group consisting 
of ZnSSe, ZnSTe, ZnSeTe, CdSSe, CdSTe, 
CdSeTe, CdZnS, CdZnSe, CdZnTe, HgCdTe, 
HgZnTe, HgCdSe, and HgZnSe. 

20 

6. The multilayer stack of any of claims 1 - 5, 
characterized in that said ll-VI semiconductor 
compound (16) is selected from the group 
consisting of ZnTe, CdTe, CdSe, CdS, ZnS, 

25 HgCdTe, HgZnTe, HgCdSe, HgZnSe, HgCdS, 

HgZnS, ZnCdSeTe, ZnCdSSe, ZnCdSTe, 
HdCdZnTe, HgCdSeTe, and HgZnSeTe. 



In addition, a 3 um layer of ZnTe has been 
grown on As-passivated Si(211). Since the (211) 
orientation is the- preferred orientation for the 
growth of HgCdTe by MBE, this result suggests 
that HgCdTe(211) can be epitaxially grown on Si- 
(211). 

The present invention is expected to have an 
economic impact on efforts to produce large area 
infrared focal-plane arrays (FPAs) on alternative 
substrates. It is desirable to use Si-based sub- 
strates rather than bulk CdZnTe substrates for 
large area FPA fabrication because of wafer ma- 
terial and processing cost savings and to improve 
the thermal cycle reliability of indium bump bonds 
used to hybridize FPAs to silicon readout chips. 
Among Si-based alternative substrates, cost can be 
reduced approximately one hundred-fold, from 
$2000/GaAs-on-Si wafer to $20/Si wafer for 4-inch 
substrates, and the cost of substrate quality 
screening can also be expected to drop substan- 
tially. 

This approach to alternative substrate prepara- 
tion is also compatible with existing MBE ultra high 
vacuum (UHV) technology, requiring no changes in 
pumping packages, source design, etc. In addition, 
the technique of As passivation as disclosed herein 
with an elemental As source can easily be incor- 
porated into cluster tool-based manufacturing pro- 
cesses that rely upon interconnected UHV modules 
dedicated to individual process steps. 

Thus, there has been disclosed an arsenic pas- 
sivation structure on silicon for the epitaxial deposi- 
tion of ll-VI semiconductor films thereover. It will be 
readily appreciated by those skilled in the art that 
various changes and modifications of an obvious 
nature may be made, and all such changes and 
modifications fall within the scope of the invention, 
as defined by the appended claims. 

Claims 

1. A multilayer stack for fabrication of li-Vl de- 
vices thereon, comprising: 

(a) a silicon substrate (12); 

(b) a monolayer (14) of a Group V element 
selected from the group consisting of ar- 
senic, phosphorus, and antimony, formed 
on a surface of said silicon substrate (12); 
and 

(c) a ll-VI epiiayer (16) formed over said 
Group V monolayer (14). 

2. The multilayer stack of claim 1, characterized 
by further including a ll-VI buffer layer (18) 
interposed between said Group V monolayer 
(14) and said ll-VI epiiayer (16). 



7. The multilayer stack of any of claims 1 - 6, 
30 characterized in that said Group V monolayer 

(14) consists essentially of arsenic. 

8. A method of growing said ternary or quater- 
nary ll-VI semiconmductor layer (16) on said 

35 silicon substrate (12) to form said multilayer 

stack (10, 10') of any of claims 1 - 7, compris- 
ing: 

(a) providing said silicon substrate (12) hav- 
ing a major surface; 

40 (b) depositing said monolayer (14) of said 

Group V element on said major surface of 
said silicon substrate (12); and 
(c) depositing said ternary or quaternary ll- 
VI semiconductor layer (16) over said Group 

45 V monolayer (14). 

9. The method of claim 8 further including, sub- 
sequent to step (b) s depositing said ll-VI buffer 
layer (18) on said Group V monolayer (14) and 

so then depositing said ternary or quaternary ll-VI 

semiconductor compound (16) on said buffer 
layer (18). 
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